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Abstract. Single photon source is one of the key devices for optical quantum
information processing. Differing from the usual stimulated Raman adiabatic passage
to obtain single-photon radiation, here we propose an approach to produce optical
Fock state on demand in the usual atom-cavity system by utilizing the technique
of transitionless quantum driving. The present proposal effectively suppresses
the unwanted but practically unavoidable nonadiabatic transitions in the previous
adiabatic schemes. Therefore, the efficiency of Fock state production by the present
technique could be significantly high, even in the presence of various atomic and cavity
dissipations.
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Due to the various applications in quantum information processing, the production of
nonclassical states of light has been one of the most attractive topics both theoretically
and experimentally [1, 2, 3, 4, 5]. Physically, manipulating the atoms in a cavity by
using the stimulated Raman adiabatic passage (STIRAP) [6], single-photon Fock state
emission could be achieved [7]. However, owing to the practically-existing non-adiabatic
transitions between the designed evolution passages [8], the efficiency of Fock state
production (FSP) is strongly limited [9].
To avoid the influence of non-adiabatic transitions on the efficiency and speed up the
fast FSP, in this letter we propose an approach by using an alternative technique, named
the transitionless quantum driving (TQD) or shortcut to adiabatic passage (SHAPE),
to achieve the desirable FSP with high efficiency. The basic idea of this technique [10]
is to find a driving Hˆ(t) to evolve the system along a selected instantaneous eigenstate
|λn〉 of the initial Hamiltonian Hˆ0 exactly. During this driving any transition from this
instantaneous eigenstate |λn〉 to the other ones {|λm〉, m 6= n} is effectively suppressed.
Formally, the Hamiltonian for such a TQD can be expressed as Hˆ(t) = Hˆ0(t)+Hˆ1(t) [10]
with
Hˆ1(t) = i~
∑
n
|∂tλn〉〈λn|. (1)
As Hˆ1(t) is supplemented to Hˆ0(t), the dynamics of the system can be restricted along
the instantaneous eigenstate |λn〉 beyond the adiabatic limit. Therefore, this technique
could be used to speed up the population passages for high-efficiency quantum state
controls by introducing various classical pulses [11, 12, 13, 14, 15]. Here, with the full
quantized atom-cavity interaction we discuss how to apply the TQD technique to achieve
the high efficiency single-photon FSP with the usual double Λ-level atom interacting
with a single-mode high-Q cavity. Although the similar configuration had been used
to implement the production of single photon by using the STIRAP technique (see,
e.g., [16, 17, 18]), the present proposal possesses a manifest advantage: the population
transfer for the FSP could be implemented fast (as it is beyond the adiabatic limit) and
deterministically (as it does not yield any unwanted leakage from the driven states).
Therefore, the desirable FSP can be achieved with a significantly high efficiency.
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Figure 1. (color online). Effective three-level Λ atomic configuration formed by
adiabatically eliminating the auxiliary level |em〉.
The configuration of the atom-cavity system for our proposal is depicted in Fig. 1.
The atom consists of two excited states |e〉 and |em〉, and two ground states |g1〉 and |g2〉.
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The transitions |g1〉 ↔ |e〉 and |g1〉 ↔ |em〉 are coupled by classical pumps Ω and Ωm,
while transitions |g2〉 ↔ |e〉 and |g1〉 ↔ |em〉 is coupled to a cavity mode with coupling
coefficients g and gm, respectively. Two detunings ∆ and ∆m are relative to the non-
resonant transitions by the classical pumps and cavity couplings. In a rotating frame,
defined by Uˆ = exp (−iωg1t)|g1〉〈g1| + exp [−i(ωe −∆)t]|e〉〈e| + exp (−iωg2t)|g2〉〈g2| +
exp [−i(ωem −∆m)t]|em〉〈em|, the Hamiltonian of this system HˆR reads (~ = 1) [7, 8]
HˆR(t) = ωca
†a+ ∆|e〉〈e|+ ∆m|em〉〈em|+ ΩRS†1
+gS†2a+ ΩmF
†
1 + gmF
†
2a+ H.c.. (2)
Here, a (a†) is the annihilation (creation) operator of the cavity mode with the frequency
ωc, S
†
j = |e〉〈gj| and F †j = |em〉〈gj| (j = 1, 2) are the raising operators of the atom. The
detunings respect to the following equations, ∆ = ωe − ωg1 − ωL = ωe − ωg2 − ωc,
∆m = ωem − ωg1 − ωL = ωem − ωg2 − ωc (with ωg1 , ωe, ωem and ωg2 being the
eigenfrequencies of the four atomic levels). It is seen that, the energy invariant subspace
related to the Hamiltonian HˆR(t) is formed by the following dressed states: |g1, 0〉,
|e, 0〉, |em, 0〉 and |g2, 1〉 (here we assume that the cavity mode is initially prepared
in the vacuum state |0〉). Thus, the desirable single-photon FSP requires the system
should be manipulated deterministically from the ground state |g1, 0〉 to the target state
|g2, 1〉 [16, 17, 18]. Although this progress had been achieved by the STIRAP technique
with a Λ-level atom-cavity system, the efficiency of the desirable FSP is significantly
limited due to the undesired non-adiabatic transitions. It is seen below that these
transitions could be effectively suppressed by introducing the drivings related to the
auxiliary excited state |em〉.
In principle, the Schro¨dinger equation for the Hamiltonian (2) can be rewritten as
iC˙1 = ΩRC2 − iΩmC4
iC˙2 = ΩRC1 + ∆C2 + gaC3
iC˙3 = ga
†C2 + gma†C4
iC˙4 = iΩmC1 + gmaC3 + ∆mC4
(3)
in the atomic-level subspace {|g1〉, |e〉, |g2〉, |em〉}, with |Ψ(t) = C1|g1〉+C2|e〉+C3|g2〉+
C4|em〉 and the ”coefficients” Ci (i = 1, 2, 3, 4). In the far-off-resonant case, the upper
atomic state |em〉 can be effectively eliminated [17], i.e., C˙4 = 0. As a consequence, an
effective Raman atom-photon coupling Ω1 = Ωmgm/∆m is delivered [18], and then the
above double Λ-level atom-cavity system is reduced to an effective three-level Λ one (see
Fig. 1). Therefore, an effective Hamiltonian is delivered in the atomic space {|g1〉, |e〉,
|g2〉}
Hˆeff (t) =
 0 ΩR iΩ1aΩR ∆ ga
−iΩ1a† ga† 0
 . (4)
During the derivation, all the Stark shifts of the relevant energy levels are neglected as
they do not affect the following progress for the FSP. Formally, the above Hamiltonian
(4) can be written as Hˆeff (t) = Hˆ0(t)+Hˆ
′
1(t), wherein Hˆ0(t) = ∆|e〉〈e|+ΩRS†1 +gS†2a+
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H.c. describes the usual progress of STIRAP in the effective three-level Λ atom-cavity
system, and Hˆ ′1(t) = iΩ1|g1〉〈g2|a + H.c. illustrates the effective Raman atom-photon
coupling. Obviously, the auxiliary Hamiltonian Hˆ ′1(t) affects the efficiency of single
photon generation.
In the subspace {|g1, 0〉, |e, 0〉, |g2, 1〉}, one can easily check that the instantaneous
eigenstates {|λn〉} of the Hamiltonian Hˆ0(t) read, |λ0〉 = cos θ|g1, 0〉 + sin θ|g2, 1〉,
|λ+〉 = sin θ sinφ|g1, 0〉 + cosφ|e, 0〉 + cos θ sinφ|g2, 1〉, and |λ−〉 = sin θ cosφ|g1, 0〉 −
sinφ|e, 0〉+cos θ cosφ|g2, 1〉. Here, the mixing angles θ and φ are defined by tan θ = ΩR/g
and tan 2φ = 2Ω/∆, whereas Ω =
√
Ω2R + g
2. In the previous STIRAP technique,
the single-photon FSP is realized by the the dark state manipulation, i.e., the system
evolves along the |λ0〉-path via adiabatically adjusting the mixed angle θ. However, when
the adiabatic condition is not be satisfied exactly, the non-adiabatic transitions from
the driven dark state to the bright states |λ±〉 will take place[19]. As a consequence,
the above manipulation induces unwanted errors. In our proposal, once the effective
Raman atom-photon coupling satisfy the condition Ω1 = [gΩ˙R − g˙ΩR]/Ω2 from Eq.
(1), a shortcut to STIRAP is found and the undesired non-adiabatic transition can be
suppressed [10]. Then, the population from |g1, 0〉 to |g2, 1〉, i.e., the expected single-
photon emission can be achieved beyond the adiabatic limit.
Specifically, for the pulse sequence shown in Fig. 2(a) with the detuning ∆ = 1/T
and the two drivings: ΩR = Ω0 exp [−(t− τp)2/T 2] and g = Ω0 exp [−(t+ τs)2/T 2] (with
τp = 0.5T and τs = 0.5T ), Fig. 2(b) (with T = 1µs) shows that the usual STIRAP could
not be perfectly realized, i.e., the final population of the target state |g2, 1〉 cannot
reach unit (e.g., only about 73.5%). However, when an auxiliary driving Ω1 is applied
additionally, then the desired TQD is implemented and completely population passage
from the initial state |g1, 0〉 to the target one |g2, 1〉 is achieved. This is numerically
verified in Fig. 2(c), which indicates the single-photon Fock state of the cavity mode is
generated perfectly. The above argument clearly shows that the TQD, rather than the
usual STIRAP, provides a high efficient approach to deliver a single photon emission.
We now compared the robustness of the above STIRAP- and TQD-based single-
photon FSP in the presence of the dissipations. In fact, atomic spontaneous emissions
from excited state and photon absorption by the cavity mirrors are the main dissipation
for the single photon generations [20, 21]. In the present of dissipation, the dynamics
of the above effective Λ atom-cavity system is alternatively described by the following
master equation [7, 8]:
∂ρˆ
∂t
= −i
(
Hˆ ′eff ρˆ− H.c.
)
+ κaˆρˆaˆ† + Γ
∑
j=1,2
Sj ρˆS
†
j , (5)
with Hˆ ′eff = Hˆeff (t)− iΓ|e〉〈e|/2− iκaˆ†aˆ/2. Above, ρˆ is the reduced density operator,
Γ is the atomic spontaneous emission rate, and κ the cavity dissipation. By solving
the above master equation, the time-dependent mean photon number: n = 〈aˆ†aˆ〉 in
the cavity, and the Mandel factor Q = −1 + [〈(aˆ†aˆ)2〉 − 〈aˆ†aˆ〉2]/〈aˆ†aˆ〉 describing the
single-photon quality can be obtained. Specifically, we consider the pulse sequence
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Figure 2. (color online). Comparison of single-photon FSPs by the STIRAP and
TQD techniques. (a) Exciting pulses: g and ΩR, are applied to realize the STIRAP;
and the auxiliary driving Ω1 is additionally applied to implement the desired TQD
with the parameter Ω0T = 2. Time-dependent populations during the dark state (|λ0〉)
evolution: (b) by the STIRAP, and (c) by the TQD, respectively. (d) Exciting pulses
and the auxiliary driving with the parameter Ω0T = 5. Time-dependent mean cavity
photon number n and the Mandel Q parameter during the TQD and STIRAP; without
dissipation (e), and the presence of dissipation (f). Here, Γ = 5/T and κ = 0.05/T .
schematized in Fig. 2(d). In the absence of dissipation, the ideal population passage for
single-photon FSP can be implemented by both the designed STIRAP and TQD, see
Fig. 2(e). However, Fig. 2(f) shows that in the presence of dissipation the quality of
the single-photon emission generated by the TQD is obviously higher than that by the
STIRAP.
Certainly, if the population transfer is strictly going alone the dark state evolution,
i.e., the excited state |e, 0〉 has been never populated, then the desired single-photon
FSP will be realized perfectly. This requires the significantly large amplitude Ω0 of the
drivings in the STIRAP. However, in the TQD we do not care how strong the amplitude
Ω0 but just apply a proper auxiliary driving Ω1(t) to implement the exact dark state
evolution. During such a perfect dark state evolution the excited state |e, 0〉 has never
been populated. This is why the TQD is more robust than the STIRAP against the
dissipation.
To implement the technique of our TQD, the most crucial step is to realize
the effective Raman atom-photon coupling between the states |g1, 0〉 and |g2, 1〉
by adiabatically eliminating the auxiliary state |em〉. For simplicity, we assume
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Figure 3. (color online). Single-photon FSP without adiabatically eliminating the
level |em〉. (a) Exciting pulses: g, ΩR, gm and Ωm. Here, we consider the simplified
case gm = Ωm. (b) Time-dependent populations during the double Λ-level atom-cavity
system.
that the pulses gm and Ωm are designed as the same shape, e.g., gm = Ωm =
α exp [−(t2 + τ 2s )/T 2]/β with α2 = 2∆m/T and
β =
√
exp [−2(t+ τs)2/T 2] + exp [−2(t− τp)2/T 2]. (6)
Then, the population dynamics of the double Λ-level atom-cavity system can be
numerically solved and the relevant results are depicted in Fig. 3 for, e.g., ∆mT = 18. It
is clear to see that the population dynamics of the state |em〉 is very small and completely
population transfer from state |g1, 0〉 to |g1, 1〉 is robustly realized. This means that the
auxiliary state |em〉 can be adiabatically eliminated really. Certainly, as ∆mT ≥ 18, the
condition C˙4 = 0 still holds and thus we can still eliminate the state |em〉. Furthermore,
Fig. 3 gives a directly evidence that the efficiency of the single-photon FSP by the TQD
is much higher than that by the STIRAP.
In summary, we have proposed a robust technique to produce single-photon Fock
state on demand with a double Λ-level atom in a single-mode cavity. The auxiliary
driving to implement the transitionless evolution is introduced by using an auxiliary level
|em〉. By effectively eliminating such an level, the effective Raman atom-photon coupling
makes the system evolve exactly along the relevant dark state path. In particular, we
have also analyzed specifically the quality of the proposed TQD-based single-photon
FSP by numerically solving the relevant master equation. The results showed that,
the proposal is still robust in the presence of dissipation of the considered atom-cavity
system. Hopefully, arbitrary multi-photon Fock states can also be produced by designing
the relevant transitionless quantum drivings. Given the STIRAP technique have being
taken the important role in atomic physics and quantum optics, the TQD-based FSPs
proposed here should be implementable with the current cavity-QED experiments.
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